Objective-To estimate the annual cost of infections attributable to porcine reproductive and respiratory syndrome (PRRS) virus to US swine producers. Design-Economic analysis. Sample Population-Data on the health and productivity of PRRS-affected and PRRS-unaffected breeding herds and growing-pig populations were collected from a convenience sample of swine farms in the midwestern United States. Procedure-Health and productivity variables of PRRS-affected and PRRS-unaffected swine farms were analyzed to estimate the impact of PRRS on specific farms. National estimates of PRRS incidence were then used to determine the annual economic impact of PRRS on US swine producers. Results-PRRS affected breeding herds and growingpig populations as measured by a decrease in reproductive health, an increase in deaths, and reductions in the rate and efficiency of growth. Total annual economic impact of these effects on US swine producers was estimated at $66.75 million in breeding herds and $493.57 million in growing-pig populations. Conclusions and Clinical Relevance-PRRS imposes a substantial financial burden on US swine producers and causes approximately $560.32 million in losses each year. By comparison, prior to eradication, annual losses attributable to classical swine fever (hog cholera) and pseudorabies were estimated at $364.09 million and $36.27 million, respectively (adjusted on the basis of year 2004 dollars). Current PRRS control strategies are not predictably successful; thus, PRRS-associated losses will continue into the future. Research to improve our understanding of ecologic and epidemiologic characteristics of the PRRS virus and technologic advances (vaccines and diagnostic tests) to prevent clinical effects are warranted. (J Am Vet Med Assoc 2005;227:385-392) 
Food Animal Economics I n the late 1980s, catastrophic outbreaks of an unrecognized disease were reported in swine in the United States. 1, 2 First described in herds in North Carolina, clinical signs included severe reproductive losses, extensive pneumonia in postweaning pigs, reduction in rate of growth, and increased mortality rates in all age groups. 3 Initial efforts to determine the cause of the outbreaks were unsuccessful, and the name "mystery swine disease" was commonly used. 3, 4 In Europe, outbreaks similar to those in the United States were reported in November 1990 near Münster, Germany, 5 followed immediately thereafter by outbreaks in many countries as the disease spread across Europe. [5] [6] [7] [8] [9] [10] [11] In Asia, outbreaks were reported in Japan in 1988, 12 Taiwan in 1991, 13 and China in 1995. 14 The cause of the disease was resolved in 1991 when Koch' s postulates were fulfilled by a novel, enveloped RNA virus, 15, 16 which was termed porcine reproductive and respiratory syndrome (PRRS) virus. 17 Subsequent analyses determined that the North American and European PRRS virus isolates could be categorized into 2 distinct genetic groups 18 ; this indicated that the events in Europe did not result from the introduction of virus from North America.
Retrospective serologic surveys conducted to detect antibodies against PRRS virus in stored serum samples yielded evidence that the virus entered the domestic swine population of the United States in the late 1970s from an unidentified source. A retrospective analysis revealed specific antibodies against PRRS virus in samples obtained from pigs in Ontario, Canada, in 1979 19 ; Iowa 20 and the Republic of Korea 21 in 1985; the former German Democratic Republic 22 and Taiwan 23 in 1987; and Japan in 1988. 12 In each case, infection spread rapidly within the regional domestic swine population after introduction of the disease.
With few exceptions, PRRS virus is currently endemic in the major swine-producing regions of the world. 24 The virus is considered to impose a substantial economic burden on pork producers, although few economic studies have been conducted. In an evaluaAssessment of the economic impact of porcine reproductive and respiratory syndrome on swine production in the United States tion of outbreaks in 4 swine herds in Illinois, the estimated economic impact of an acute outbreak in a previously negative herd was $100 to $510/breeding female, with a mean of $302/breeding female. 25 In another study, a investigators projected that the cost of an outbreak of 4 months' duration on a 250-sow herd was $236/breeding female, with the primary impact arising from the reduced number of pigs produced (eg, pigs weaned/female/y decreased by 3.8 pigs from baseline production values). Other investigators projected a cost of $228/sow for the year of a PRRS outbreak, with losses resulting from increased deaths, reduced growth rates, and increased costs of medication and vaccination. 26 For those 3 studies, the mean cost per sow as a result of a PRRS outbreak was $255. 27 In nursery and finishing pigs, the economic impact attributable to infection with PRRS virus is a result of increases in morbidity and mortality rates, reductions in feed efficiency and growth rates, and an increase in unmarketable pigs. In 1 study, 28 investigators estimated an additional cost of $7.40 to $15.00/pig marketed from groups of pigs infected with PRRS virus. Another investigator estimated that the decrease in profit during the nursery stage as a result of infection with PRRS virus was $5.00/pig. 29 The projected increase in cost per pig attributable to endemic infection with PRRS virus in nursery pigs was estimated at $10.50 to $12.50/pig marketed. 30 Other investigators found that prevention and treatment costs also increased dramatically during and after an outbreak of PRRS, 31 which suggested that PRRS virus may also have indirect impacts on the cost of production. Specifically, animal health expenses during the peak of the outbreak were 4 times greater than the costs before the PRRS outbreak, and expenses related to secondary infections increased by 60% during the 12-month period after the outbreak. 31 The objective of the study reported here was to estimate the annual cost of PRRS to US swine producers. The cost analysis was structured to estimate the economic impact of an outbreak of PRRS in 3 distinct production phases: breeding (breeding through weaning), nursery (weaning through approx 11 weeks of age), and finishing (approx 11 through 26 weeks of age). The analysis targeted the costs of farm-level production losses attributable to PRRS and did not include costs associated with preventing the introduction of PRRS virus into herds and monitoring endemically infected herds or attributable to subclinical infection with PRRS virus (ie, health effects of infection despite a complete lack of clinical disease).
Materials and Methods
Source of data-Data for the economic analyses were obtained from 2 sources. One source was a case study of 10 farms (farms A through J) on which swine had clinical signs of PRRS. The second source was a statistically valid national survey of swine producers conducted by the USDA, National Animal Health Monitoring System (NAHMS).
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Case-study herds-Ten producers whose farms represented a range of production types and sizes participated in the study. Producers included independent producers and those that were part of a vertically integrated system. Production types included farrow-to-market, weaned pig (ie, nursery), and market pig (ie, grower-finisher) operations. Breeding operations ranged from 320 to 10,200 sows. Nursery and finisher operations included groups of 300 to > 1,000 pigs/group. Producers and herd veterinarians provided information on the PRRS virus status of the farms as well as detailed data on productivity. Farms with uncertain classification for the PRRS virus status before an outbreak or with multiple secondary diseases that impacted production were excluded from the study.
The PRRS-unaffected herds were defined as herds in which values for production variables were within ranges historically considered typical for the operation. Within herds, the same criterion (ie, values for production variables were within ranges historically considered typical for the operation) was used to define periods (ie, before and after an outbreak). Unaffected farms included herds that had negative results as well as herds that had positive results when tested to detect PRRS virus. Farms endemically infected with PRRS virus were considered unaffected when, in the course of PRRS virus monitoring or diagnostic evaluations, the detection of PRRS virus was judged by the herd veterinarian to be incidental or of negligible consequence to the productivity of the operation.
The PRRS-affected breeding herds were identified on the basis of detection of clinical signs compatible with PRRS in combination with laboratory confirmation of PRRS virus in affected pigs. Within herds, these criteria (ie, clinical signs and laboratory confirmation) were used to define the initiation of an outbreak. In breeding operations, clinical signs included a decrease in farrowing rate, an increase in abortion rate, and an increase in mortality rate of preweaning pigs. An outbreak of PRRS was considered terminated when values for production variables returned to within ± 5% of historical values for that operation and the herd veterinarian determined that clinical expression of the disease no longer impacted productivity. Values for production variables were compared between PRRS-unaffected (ie, conditions before an outbreak) and PRRS-affected (ie, conditions during or after an outbreak) farms by comparing production efficiencies. The economic impact of PRRS was calculated by multiplying the magnitude of PRRS-induced production deficiencies by standard cost-of-production indices calculated from annual estimates of costs for midwestern US swine producers. 34 The approach in nursery and grower-finisher pig populations differed from that used in the breeding herds because the impact of PRRS virus included the period of overt clinical signs and the overall net effect of the outbreak on the group during the entire production phase. Affected groups of pigs were identified on the basis of clinical signs compatible with PRRS, results of diagnostic tests, and the clinical judgment of the herd veterinarian. The impact of PRRS on specific groups was determined by calculating the differences in several production indices between affected groups and the historical performance of unaffected groups or the performance of contemporary unaffected cohort groups that were similar in other respects (ie, genetics, nutrition, management, housing, and temporality). Data on production of nursery-age pigs were collected from only 2 case herds (operations), but these data represented the performance of > 200 groups of nearly 1 million pigs. Six operations provided data on pigs in the grower-finisher production phase.
NAHMS survey-The USDA conducts a survey every 5 years to provide statistically valid demographic and descriptive data of the entire US swine herd. To ensure that results of the NAHMS survey on swine in 2000 reflected the national herd, participants were selected by a stratified (herd size and state) random sampling technique by use of an agriculture census sampling frame. 33 Herd data were collected from participants during site visits. Porcine reproductive and respiratory syndrome was a specific focus of the NAHMS survey; thus, PRRS-relevant data were collected for breeding, gestation, farrowing, nursery, and finishing phases of production. For farms to be considered as PRRS-affected operations in the NAHMS data set, it was required that PRRS was diagnosed by a veterinarian within the 12-month period preceding collection of the survey data. Data available from the NAHMS survey were used in an economic study to estimate the incidence of PRRS in the US swine herd.
Analyses-A 2-step approach was used to estimate the overall annual impact of PRRS on US swine producers. In step 1, specific production metrics affected by PRRS were identified and the impact quantified. To minimize the effect of farmto-farm variation for cost of production on the analysis, representative costs for standard inputs of swine farms were generated to reflect typical historical costs in the industry. Variable cost standards in this study included $30/weaned pig (5.4-kg [12-lb] To avoid the effect of farm-to-farm variation on the cost of fixed and variable expenses, standard costs determined from farrow-to-finish pig production budgets 34 were applied for all farms in our study. Fixed costs of production are defined as costs that are incurred regardless of the amount of
Vet Med Today: Food Animal Economics 387 Table 1 -Results for case-study swine farms used to evaluate the economic impact of outbreaks of porcine reproductive and respiratory syndrome (PRRS) on the breeding-farrowing phase of production. production. Fixed costs include expenditures for capital inputs (eg, equipment and buildings). For example, costs of the farrowing facility continue at the same value, even though abortions associated with PRRS cause a reduction in the farrowing rate and result in open spaces in the farrowing facility and an increase in breeding costs. Variable costs of production are consumables, such as feed. Some variable costs are avoided as a result of disease. For example, a reduction in the number of pigs (as a result of abortion or disease-related death) results in a decrease in the amount of feed consumed. Other variable costs continue at the same value (eg, sows that have fetal resorption or abortion early during gestation [ie, loss of the pregnancy] that is undetected will continue to be fed and housed as gestating sows). The swine production budgets 34 had fixed costs of $125.95/litter of weaned pigs and variable costs of $141.07/litter of weaned pigs.
No. No. of Duration of Source of PRRS-unaffected
In step 2, the estimated mean cost of an outbreak derived by use of data from the 10 farms in the case study was aggregated to generate a value for the national herd. The analysis required an estimate of the percentage of the US swine herd that was impacted by PRRS. This estimate was provided through estimates of PRRS in breeding herds, nursery-age pigs, and grower-finisher pigs obtained from the NAHMS survey.
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Results
Effects of PRRS on productivity-Information for the 10 farms in the case study, including the duration of PRRS, groups used for comparison in the economic analyses, and the economic impact of PRRS within specific farms, was summarized (Tables 1 and 2) . The duration and impact of PRRS were highly variable among farms. Some farms had a clear outbreak period that seemingly subsided in response to control measures or an increase in herd immunity, whereas other farms had chronic PRRS and high losses because of the disease. A marked degree of variation in the severity of PRRS and duration of outbreaks has been reported. [35] [36] [37] Three variables were assessed in breeding herds. These variables were farrowing rate (number of litters farrowed divided by the number of females bred for the period), pigs weaned per litter, and pigs weaned/sow per year (litters/sow/y multiplied by pigs weaned per litter). Production impacts of PRRS on breeding herds in the study were determined (Table 3) . Mean farrowing rate for PRRS-unaffected breeding herds was 79.36%, compared with 68.44% for PRRS-affected breeding herds. Relative to comparison groups, PRRS had a negative impact on farrowing rate in specific herds during the outbreak ranging from -22.35% to -39.05%. This represented a mean impact of -13.76%. The number of pigs weaned per litter was also negatively impacted. Mean number for comparison sow herds was 9.13 pigs weaned/litter, compared with 7.63 pigs weaned/litter for PRRS-affected herds. Therefore, during an outbreak of PRRS, the number of pigs weaned per sow farrowed decreased by a mean of 1.50 pigs, which represented a decrease in productivity of 16.43%. The effect of PRRS Table 2 for description of sources of data for comparisons between PRRS-affected and PRRS-unaffected farms. Nursery and grower-finisher groups were classified as PRRS-affected or PRRS-unaffected for the entire production phase to enable us to detect overt clinical effects as well as subsequent effects on growth performance during the production phase (Table 4 ). In nursery pigs, average daily gain (ADG) decreased by 0.095 kg (0.21 lb) for PRRS-affected pigs, which represented a mean decrease of 25.29%. Daily feed intake also decreased for the PRRS-affected nursery pigs, resulting in consumption of less feed (approx 0.091 kg [0.20 lb] less feed/pig/d). Feed efficiency was negatively impacted in the PRRS-affected groups. Typically, more feed (approx 0.18 kg of feed/kg of gain [0.40 lb of feed/lb of gain) was needed for PRRS-affected pigs. This represented an increase of 11.69% in the amount of feed consumed per kilogram (or pound) of gain.
Mortality rate in nursery-age pigs was also higher for the PRRS-affected groups but differed between the 2 case farms. Mortality rate for farm A-2 increased by 17.91%, relative to the values before the outbreak, compared with an increase of 3.39% for farm J. The mean increase in mortality rate for both farms was 10.65%.
Feed efficiency and ADG were also impacted in the grower-finisher phase of production (Table 4) . In PRRS-affected grower-finisher pigs, ADG decreased by 0.091 kg/d (0.20 lb/d), which represented a mean decrease in ADG of 12.03%. Amount of feed required increased by 0.24 kg of feed/kg of gain (0.53 lb of feed/lb of gain), which yielded a mean loss in feed efficiency of 7.57%. Two operations (J-1 and J-2) had slight improvements in feed conversion for PRRSaffected pigs. This was probably attributable to suppression of appetite and decreased feed intake, as reflected in a decrease in ADG in these 2 herds.
The increase in mortality rate in the grower-finisher pigs varied among farms, ranging in an absolute increase from 1.53% to 15.09%. Although an increase in the mortality rate of 1.53% for farm I did not appear to be a large value, it represented an increase of 44%, compared with PRRS-unaffected comparison groups. Among all herds, the mean absolute increase in mortality rate was 6.05%. (Tables 5 and 6 ). We assumed that the value for a weaned pig was $30; thus, there was a reduction in revenue of $45/litter because of a decrease in the number of pigs weaned per litter. The farrowing rate for PRRS-affected groups (68.44%) decreased by 10.92%, compared with the rate for the unaffected groups (79.36%). As a result, fixed costs increased by $13.75/litter and variable costs increased by $15.41/litter. Total cost of an outbreak of PRRS for the breeding-farrowing phase was estimated to be $74.16/litter.
Economic impact of PRRS-The economic impact of PRRS on breeding-farrowing, nursery, and growerfinisher phases was calculated
The economic impact of PRRS in the nursery phase of pig production was $6.01/pig (Table 6 ). This comprised an increase in mortality rate, a reduction in feed efficiency, and a reduction in ADG for PRRSaffected groups. The increase in mortality rate was 10.65%. On the basis that the price for a weaned pig was $30, the increased cost was $3.58/pig for the nursery phase of production. *Cost per pig divided by the percentage survivability in the nursery phase of production (ie, $3.20/0.8945). †Cost per pig divided by the percentage survivability in the grower-finisher phase of production (ie, $3.03/0.9395). ‡It was assumed that PRRS-unaffected nursery pigs would require feeding for 50 days to grow from 5.4 to 22.7 kg (12 to 50 lb). §It was assumed that PRRS-unaffected grower-finisher pigs would require feeding for 120 days to grow from 22.7 to 118.2 kg (50 to 260 lb).
was reduced by 11.69%. Because 35 kg (77 lb) of feed was consumed by unaffected pigs during the nursery phase (ie, a pig growing from 5.4 to 22.7 kg [2.4 to 10.3 lb]), the reduction in feed efficiency observed in this study meant that each PRRS-affected pig consumed more feed (4.1 kg [9.0 lb]) during the nursery phase. At the aforementioned cost of $0.286/kg of feed, the increased feed cost during the nursery phase was $1.17/pig. The ADG was reduced by 25.29%. Because the nursery phase typically required 50 days of feeding for unaffected pigs, PRRS-affected pigs required an additional 12.6 days of feeding. With a facility cost of $0.10/pig/d, the increased cost attributable to the reduction in ADG was $1.26/pig.
The economic impact of PRRS on the grower-finisher production phase was calculated in a manner similar to that described for the nursery phase ( Table 6 ). The increased cost for a PRRS-affected group of pigs was $7.67/pig. Mortality rate increased by 6.05% (Table  4) , which led to an increased cost of $3.23/market hog sold. Feed efficiency decreased by 7.57%, which led to an increase in feed costs of $3.00/pig. The impact from a reduction in ADG was $1.44/pig.
Cost of PRRS to US swine producers-For this analysis, information was required on the size of the US swine herd and percentage of pigs impacted by PRRS annually. Typically, the US swine herd annually farrows approximately 12 million litters. 38 The NAHMS survey 33 on swine in 2000 provided information on the prevalence of PRRS in the United States. Analysis of the NAHMS data revealed that approximately 44.91% of breeding females were in PRRS-affected herds, whereas 32.16% of nursery pigs and 38.10% of grower-finisher pigs were in PRRSaffected facilities. Because the NAHMS information indicated that approximately 45% of the breeding females were in PRRS-affected herds and that the annual female replacement rate in US breeding herds is estimated 32 to be at least 33%, one third of replacement females (ie, 15% of all breeding females) each year will be in herds that have an outbreak of PRRS. On the basis of this fact and assuming a 4-month duration for an outbreak, the annual impact of a reduction in litter size attributable to PRRS was calculated to be $40.50 million ( Table 7) . The impact of a reduction in farrowing rate was $26.25 million, which yielded a total cost of $66.75 million for the breeding-farrowing phase of production.
The projected annual increase in cost for the nursery phase was $201.34 million. This was determined on the basis of an estimated 104.16 million nursery pigs annually and the NAHMS estimate that 32.16% are in PRRS-affected facilities. The estimate of 104.16 million nursery pigs was based on 100 million market hogs produced annually, 38 adjusted for a typical mortality rate in the nursery of 4% (100 million market hogs/0.96 survival rate = 104.16 million pigs entering the nursery).
The projected annual increase in cost for the grower-finisher phase was $292.23 million. This was based on the estimate of 100 million market hogs produced annually and the NAHMS estimate that 38.10% of the market hogs were in PRRS-affected facilities.
Therefore, on the basis of the aforementioned information, the projected economic impact of PRRS to US swine producers was estimated at $560.32 million annually (Table 7 ). This value comprised economic impacts of $66.75 million for the breeding-farrowing phase, $201.34 million for the nursery phase, and $292.23 million for the grower-finisher phase of production.
Discussion
In the study reported here, a case-study approach in which production variables in PRRS-affected populations of swine were compared with the same production variables in PRRS-unaffected populations of swine was used to derive the costs attributable to PRRS for the breeding-farrowing, nursery, and grower-finisher phases of production. The costs attributable to PRRS that were calculated for specific case farms were within the range of published estimates for costs incurred during an outbreak of PRRS, thereby supporting the contention that the PRRS episodes on these farms were representative of typical outbreaks. Similarly, the biological performance of the comparison farms used in this study was within the range for typical farms in the United States. mated to be $6.01/pig on PRRS-affected farms. Deaths of nursery pigs were responsible for most of this cost ($3.58/nursery pig), with less impact resulting from decreases in feed conversion efficiency ($1.17/nursery pig) and ADG ($1.26/nursery pig). The economic effect of PRRS in the grower-finisher phase was estimated at $7.67/pig. Similar to the nursery production phase, deaths were responsible for most of the cost ($3.23/pig) with lesser but important impacts attributable to decreases in feed conversion efficiency ($3.00/pig) and ADG ($1.44/pig). Strengths of the study reported here included the fact that operations selected for inclusion in the study represented a cross-section of production styles and scale. Regardless of herd size, the extensive use of computerized health and productivity records by swine producers meant that the quality and quantity of data available for this study were unprecedented for studies on the cost of a disease. Overall, records provided by the 10 case-study herds included data from 19,875 sows, 939,961 nursery pigs, and 970,107 grower-finisher pigs.
Limitations of the study should also be mentioned. Only a relatively small number of operations provided records. We believe this limitation was offset by the quality of data and the number of swine on which the data were based. Herds with multiple secondary diseases impacting production were excluded from the study. Coinfection with bacteria and other viruses can exacerbate PRRS-associated disease, 37, 40 but these data are difficult to accurately collect, and costs are difficult to apportion among multiple infectious agents. Costs associated with various PRRS-specific management responses were not included (eg, purchase and administration of PRRS vaccines, changing suppliers of replacement stock, use of PRRS-negative semen, modifying facilities or equipment in an effort to prevent or control PRRS, implementing programs to monitor status of herds with regard to PRRS virus, or other similar strategies). Costs not incurred by most swine producers were also not included in this analysis (eg, loss of markets for seed stock herds or boar studs after an outbreak of PRRS at their facility). The analysis did not include possible positive effects on prices of market hogs that would be attributable to the fact that fewer slaughter swine were produced as a result of PRRSrelated deaths. Overall, the costs derived through the approach we used represented relatively conservative estimates of the effect of PRRS. Finally, it was assumed that PRRS-affected herds reported by participants in the NAHMS study represented outbreaks with severity similar to that for the 10 case herds used to generate information on the economic impact.
Cost estimates for the case-study herds were extrapolated to the national swine herd by use of estimates of PRRS prevalence collected through the USDA NAHMS.
33 Nationally, the cost of PRRS to US swine producers was estimated to be $560.32 million annually. Because there are approximately 100 million market swine sold each year in the United States, 38 losses attributable to PRRS add approximately $5.60/market hog sold.
The annual cost of PRRS may be compared with costs for other infectious agents in the US swine herd.
In 1961, it was estimated 41 that classical swine fever (ie, hog cholera) cost US producers $57.4 million annually ($15.4 million in disease costs and $42 million for the purchase and administration of vaccines). Adjusted for inflation by use of the consumer price index, 42 this is equivalent to $364.09 million in year 2004 dollars. In 1987, it was estimated 43 that the annual cost of pseudorabies (ie, Aujeszky disease) was $21.25 million, including $9.05 million in losses attributable to clinical disease, $1.89 million for serologic tests, and $10.31 million for the purchase and administration of vaccines. Adjusted for inflation, this is equivalent to $36.27 million in year 2004 dollars. Classical swine fever and pseudorabies were targeted for eradication from the United States on the basis of excessive ongoing losses to swine producers caused by these diseases. The eradication program for classical swine fever began in the United States in the summer of 1962 and was officially completed on January 1, 1978. 41 The eradication program for pseudorabies officially began on January 1, 1989, and the National Pseudorabies Control Board declared that all commercial swine herds in the United States were free of pseudorabies in the fall of 2004.
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Since its emergence as a clinical entity in the late 1980s, PRRS has proven to be a persistent and insidious threat to the health and productivity of the US swine herd. Among those responsible for swine health, it is not surprising that the annual cost of PRRS to US swine producers greatly exceeds the costs of pseudorabies and classical swine fever, the historical nemesis of swine producers. Reasons for the success of PRRS virus as a pathogen in pigs are complex but may be ascribed to the ability of the virus to replicate for months in monocyte-derived cells in the face of an active immune response. 45 Although research has been undertaken to provide information that will enable us to understand the unique epidemiologic, immunologic, and virologic properties of the PRRS virus, control or eradication strategies to combat the disease burden of PRRS are far from becoming a reality.
